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INTRODUCTION 

The  name  "coacervation"  has  been  given  to  the  phenomenon  of  phase 
separation  of  colloidal  material  in  which  a  colloid-rich  layer  is  separ- 
ated out  of  the  system  in  a  certain  range  of  concentrations  when  a  micro- 
or  macro-molecule  is  added  to  the  colloid.   In  moat  cases  such  a  layer, 
as  it  is  separated  out,  is  a  mass  of  spherical  droplets  or  myelin  struc- 
tures, or  sometimes  appears  as  a  relatively  large  sheet  that  may  be  visi- 
ble under  the  microscope.  In  early  work  on  this  phenomenon,  Bungenberg 
de  Jong  and  Kruyt  (4,5)  have  given  the  names:  coacervate  to  the  layer 
rich  in  colloids,  equilibrium  liquid  to  the  layer  poor  in  colloids  and 
coacervation  to  this  phenomenon  of  phase  separation. 

The  most  frequently  demonstrated  coacervate  has  been  a  microscopic 
droplet  produced  by  adding  a  salt  such  as  NaCl  or  Na2SO^,  or  a  simple 
phenol  to  a  gelatin  solution  at  a  certain  pH  (6,8,11).  As  none  of  these 
cause  ionic  neutralization,  it  is  explained  that  salts  or  phenols,  by 
forming  hydrogen  bonds  with  water  molecules,  act  as  coacervatlng  agents 
through  the  reduction  of  the  activity  of  water,  i.e.,  these  electro- 
lytes take  up  water  of  ionic  hydration  which  is  surrounding  the  colloid- 
al particle  of  gelatin. 

As  the  result,  unstabillzed  colloidal  particles  coalesce  to  form 
microscopic  droplets  which  contain  gelatin,  salts  or  phenols  and  water 
as  their  constituents.  Alcohol  may  also  replace  the  salt  In  this  in- 
stance, in  which  case  the  coacervate  droplets  contain  alcohol  together 
with  gelatin  and  water  (12,21,38).  This  is  termed  a  simple  coacervation 


In  which  the  coacervatlon  of  a  colloidal  sol  is  not  due  to  charge  effect 
but  simply  due  to  desolvation  by  other  substances,  either  micromolecular 
or  macromolecular,  as  mentioned  above. 

The  term  complex  coacervation  (13)  is  given  to  the  phenomenon  when 
the  desolvation  giving  rise  to  a  coacervate  Is  due  to  opposition  of 
charges  of  the  respective  constituents.  Thus  highly  desolvated  coacer- 
vates  are  formed  by  mixing  two  oppositely  charged  hydrophilic  sols.  A 
typical  example  of  complex  coacervation  is  that  which  occurs  upon  the 
combination  of  gum  arable  and  gelatin,  which  has  been  observed  by  many 
workers  (7,9,10).   In  every  case,  adequate  opposition  of  charge  between 
the  two  colloids  has  been  essential. 

Both  simple  and  complex  coacervation  are  reversible.  This  is  best 
demonstrated  by  adding  small  amounts  of  HC1  and  NaOH  alternately  to  the 
complex  coacervate  of  a  gelatin  and  gum  arable  mixture  so  that  the  pH 
of  the  mixture  may  change  to  below  and  above  pH  4.8  (pi  of  gelatin). 
The  coacervate  forms  when  the  pH  is  below  4.8  and  disappears  when  the 
pH  is  above  4.8  (37,55).  These  changes  can  be  repeated  until  a  suffi- 
cient amount  of  salt  is  accumulated,  when  the  considerably  high  concen- 
tration of  salt  hinders  the  formation  of  a  coacervate.   It  is  in  fact 
characteristic  of  complex  coacervation  that  the  phenomenon  is  suppressed 
by  the  addition  of  a  high  level  of  an  indifferent  salt  (23) .  Reversi- 
bility can  also  be  demonstrated  by  elevating  the  temperature  of  the  sys- 
tem after  a  coacervate  is  formed.   In  this  instance  the  coacervate  dis- 
appears but  it  reappears  when  low  temperature  is  reattained  (5) . 

Several  instances  of  starch  coacervation  have  been  demonstrated, 


though  there  is  the  adverse  suggestion  that  starch  fails  to  form  a 
coacervate  (39) .  This  is  attributed  to  the  weak  charge  which  starch 
molecules  generally  show  when  dispersed  in  water.  The  actions  of  freez- 
ing, alcohol  or  chloral  hydrate  upon  starch  paste,  however,  provide  in- 
teresting modes  of  formation  of  starch  coacervates  (40,42,49,54,60). 
Starch  sponge  produced  by  freezing  has  been  suggested  as  a  useful  in- 
dustrial or  medical  material  (3) .  It  has  been  suggested  that  the  failure 
of  the  thickening  effect  of  starch  in  food  manufacturing  processes  and 
the  deterioration  of  starch  paste  In  sizing  may  sometimes  result  from 
starch  coacervation. 

Starch  coacervation  as  related  to  freezing,  or  addition  of  alcohol, 
salt  or  chloral  hydrate  has  received  preliminary  study  in  this  depart- 
ment. This  thesis  presents  further  experimental  results  of  the  continued 
work  on  starch  coacervation.  Particular  attention  has  been  focused  on 
the  use  of  chloral  hydrate  and  gelatin  in  starch  coacervation,  the  char- 
acteristics of  such  coacervates  and  the  possible  mechanism  involved  in 
their  formation. 


REVIEW  OP  LITERATURE 

Separation  of  a  colloid  into  two  distinct  layers  by  adding  cer- 
tain electrolytes  has  long  been  known.  In  this  instance  the  term  coagu- 
lation, which  is  the  most  commonly  known  phase  change  in  colloidal  solu- 
tion, was  used  in  moat  of  the  old  literature.  Tiebackx  (55)  in  1911, 
observed  that  a  mixture  of  equal  amounts  of  dilute  solutions  of  gelatin 
and  gum  arabic  coagulated  when  a  small  amount  of  HC1  or  H2SO^  was  added. 
Hevesy  (35)  showed  evidence  that  the  electrically  charged  microparticles 
were  capable  of  combining  with  water  molecules,  and  later  Mines  (43)  in- 
dicated that  a  complex  trivalent  cation  had  greater  precipitating  power 
than  a  monovalent  cation  for  a  lyophobic  colloid.  A  large  number  of 
ionized  colloids  which  were  capable  of  forming  coacervates  were  exten- 
sively studied  by  Bungenberg  de  Jong  and  his  coworkers.  They  explained 
the  phenomenon  in  these  instances  as  being  principally  based  upon  the 
mutual  interaction  of  the  ions  (5).  For  example,  3%  aqueous  solutions 
of  gum  arabic  and  gelatin  which  were  adjusted  to  pH  3.5  with  HC1  were 
mixed  in  equal  amounts  at  35°C.  White  cloudiness  immediately  appeared 
and  settled  to  the  bottom  of  the  container  after  prolonged  standing  at 
35°C.  White  cloudiness  was  described  to  be  microscopic  droplets  which 
contained  121  solid  substance  while  the  supernatant  liquid  contained 
less  than  0.1%  of  the  total  solid.  Bungenberg  de  Jong  named  this  phenom- 
enon "coacervation".  He  stated  that  the  coacervate  in  this  instance  was 
in  a  low  dispersed  state,  whereas  in  the  common  colloidal  coagulation, 
the  coagulate  was  in  a  highly  dispersed  state.  The  force  that  led  the 
colloidal  particles  to  unite  with  one  another  was  attributed  to  the  de- 
solvation  of  the  water  coating  of  the  colloidal  particles.  He  suggested 


that  the  stability  of  a  colloidal  sol  results  from  two  factors:  the 
solvation  of  the  particles  and  their  surface  potential.  Upon  lower- 
ing of  the  surface  potential,  by  addition  of  either  electrolytes  or 
oppositely  charged  colloid,  the  original  colloid  would  be  desolvated 
and  precipitated  out.  Total  desolvation  would  produce  coagulation  and 
partial  desolvation  would  produce  coacervation.   It  was  found  that  a 
lower  amount  of  a  high  valence  ion  was  required  to  induce  coacervation 
than  of  a  low  valence  ion  (14,15).  The  diameter  of  coacervate  droplets 
was  variable,  depending  on  the  conditions  under  which  the  coacervation 
was  induced,  i.e.,  concentration  of  each  constituent,  temperature,  pH 
value  of  the  solution,  etc.  (16,18). 

Dervlchian  (24)  summarized  coacervation  as  a  phase  separation.  He 
pointed  out  that  a  certain  degree  of  desolvation  preceded  the  appear- 
ance of  a  coacervate.  Therefore  coacervation  involves  separation  of  a 
new  phase  (coacervate)  in  which  the  constituents  of  the  original  colloidal 
system  are  included  in  new  proportions,  depending  upon  the  degree  of  hy- 
dration. He  further  pointed  out  that  use  of  the  term  coacervate  for  a 
complex  is,  therefore,  incorrect. 

It  was  observed  that  the  viscosity  of  a  colloid  decreases  when  the 
coacervate  starts  forming  (20) .  This  led  Bungenberg  de  Jong  to  specu- 
late that  the  force  which  unites  colloidal  particles  is  intermolecular 
association  due  to  decreased  solubility  of  a  colloidal  molecule  in  the 
extramolecular  fluid  because  of  highly  increased  salt  concentration. 
This  sudden  reduction  of  the  amount  of  occlusion-liquid  inside  the  col- 
loidal particle,  —  rather  than  desolvation  of  an  extramolecular  solva- 
tion coating,  --  causes  the  observed  viscosity  decrease  (9). 


Basu  and  Bhattacharya  (2)  discussed  coacervation  in  relation  to  the 
alternative  configurations  of  large  molecules.  They  suggested  that  a 
molecule  or  a  polymeric  chain  which  is  in  extended  configuration  in  the 
solvent  will  give  a  solid  product  when  it  is  separated  out  of  solution, 
whereas  a  coacervate  will  be  obtained  if  the  molecule  is  in  the  coiled 
state  in  the  solvent  because  large  numbers  of  solvent  molecules  are 
trapped  and  Immobilized  inside  the  coiled  structure.  They  showed  ex- 
perimentally that  without  NaCl,  gelatin  separated  out  of  solution  as  a 
granular  solid  at  both  high  and  low  pH,  when  the  solution  was  mixed 
with  alcohol.  With  NaCl,  coacervation  took  place  upon  addition  of  al- 
cohol because  NaCl  considerably  suppresses  the  electric  charge  of  dis- 
sociated gelatin  molecules  due  to  the  common-ion  effect;  the  resulting 
less  extended  molecular  configuration  is  favorable  to  coacervate  pro- 
duction. When  gum  arable  was  substituted  for  the  gelatin,  same  result 
was  obtained.  It  is  evident  from  this  experiment  that  in  coacervation 
with  colloidal  particles  of  both  signs,  some  other  kind  of  repulsive 
force  must  be  present;  solvation  being  the  most  reasonable  explanation 
(24) .  Theoretical  confirmation  has  been  given  by  Langmuir  (41) . 

Vacuolization  of  a  coacervate  drop  is  reportedly  a  very  general 
phenomenon  in  which  the  liquid  in  the  coacervate  diffuses  out  of  the 
colloid  molecule,  without  disturbing  the  tiny  droplets  of  coacervate, 
to  form  vacuole  Inclusions  (5) .  This  phenomenon  is  often  compared  with 
that  of  formation  of  vacuoles  in  protoplasm  in  the  cell  of  biological 
tissue  (6,19).  Bungenberg  de  Jong  (17)  showed  that  mixture  of  gelatin 
and  gum  arable  with  the  action  of  yeast  produced  a  coacervate  which  was 
morphologically  similar  to  that  of  a  plant  cell  at  a  specific  condition. 


Dobry  (25)  in  1938  found  that  unionized  colloids  can  undergo  co- 
acervation.  Thus  cellulose  acetate  in  a  mixture  of  alcohol  and  tetra- 
chloroethane  or  chloroform  forms  a  coacervate  without  evidence  of  any 
charge  effect  (27).  In  this  instance,  the  osmotic  pressure  of  both  co- 
acervate and  equilibrium  liquid  were  found  to  be  equal  and  almost  nil 
(26,28,29).  Dobry  concluded  that  coacervated  colloids  are  not  diffusi- 
ble, therefore  they  exert  no  osmotic  pressure  on  the  cell  membrane. 
This  gave  rise  to  the  interesting  concept  that  in  nature  coacervatlon 
might  exist  in  the  ceil  structure  of  biological  tissues,  i.e.,  coacer- 
vates  of  different  nature  could  exist  side  by  side  (in  the  ceil)  without 
disturbance  of  osmotic  pressure.  She  further  suggested  that  coacerva- 
tlon allows  nature  to  store  substances  necessary  for  active  metabolism 
in  perfect  liquid  form,  in  a  state  of  physicochemicai  equilibrium.  Thus 
coexlstance  of  protein  and  carbohydrate  at  one  spot  in  aquatic  unicellu- 
lar organisms  is  largely  dependent  on  coacervatlon  and,  in  her  opinion, 
it  constitutes  the  necessary  condition  for  the  formation  of  the  simplest 
organisms  (30) . 

Oparin  et  al  (44,45,48)  studied  coacervates  made  from  various  bio- 
logical body  proteins  and  carbohydrates  with  the  participation  of  enzymes 
(  OC  -amylase  and  a  bacterial  catalase) ,  They  found  that  enzymes  are  cap- 
able of  forming  coacervates  with  systems  containing  proteins  and  carbo- 
hydrates. Thus  a  coacervate  droplet  was  produced  by  mixing  glucose-l- 
phosphate,  phosphorylase  (obtained  from  a  potato  slice)  and  gum  arabic- 
histone  in  acetate  buffer  at  pH  6.  Starch  was  produced  in  the  droplet 
when  it  was  held  at  a  considerably  elevated  temperature.  The  authors 
postulated  coacervate  drops  to  be  "initial  systems  on  the  way  to  the 


origin  of  life"  (46,47). 

Some  coacervates  of  phospholipids,  phenolic  compounds  and  pigments 
have  been  found  in  plant  cells  which  lack  some  nutrients  (1,32,51). 
Typical  of  these  coacervates,  reported  by  Reed  and  Duefrenoy  (50)  was 
a  refrlngent  colloid  which  occurred  as  bodies  in  vacuoles  of  cells 
affected  by  virus  fungi  or  in  zinc  deficient  orange  leaves,  buds  and 
root  tissue.  Sufficient  supplementation  of  the  lacking  micro-element 
was  found  to  prevent  formation  of  these  coacervates. 

Under  certain  conditions  starch  and  its  linear  and  non-linear  com- 
ponents undergo  coacervation.  Ostwald  and  Hertel  (49)  reported  the 
separation  of  immiscible  layers  from  mixtures  of  gelatin  and  various 
starches  with  or  without  salts  over  a  considerably  wide  range  of  pH. 
As  he  failed  to  point  out  the  morphological  characteristics  of  the  pro- 
ducts, it  remains  unknown  whether  the  immiscible  layers  which  he  ob- 
tained were  coacervates  or  solid  precipitates  such  as  was  later  described 
by  Basu  and  Bhattacharya  (2) . 

Koets  (39)  in  1935  stated  that  amylose  often  fails  to  form  coacer- 
vates, principaily  because  of  the  extreme  smallness  of  ionic  charge 
which  amylose  exhibits  in  aqueous  solution.  However,  the  character  of 
amylose  can  be  completely  changed  in  this  respect  by  the  introduction 
of  some  other  groups  which  exhibit  strong  ionic  charges.  Thus  Koets 
successfully  obtained  a  coacervate  of  amylophosphoric  acid  and  protein 
(40) .  Since  amylopectin  is  responsible  for  the  formation  of  starch  paste 
and  exhibits  high  viscosity  which  does  not  follow  Poiseulle's  law  (in- 
dicating the  presence  of  micelle  conglomerates  or  gel  fragments  in  solu- 
tion), it  was  further  postulated  by  Koets  that  the  amylopectin  might  be 


possibly  of  the  nature  of  •  coacervate  of  amylophosphoric  acid  and  one 
or  more  proteins. 

An  interesting  instance  of  coacervation  of  starch,  induced  by  freez- 
ing, was  firBt  reported  by  Scharling  according  to  Bice  et  al  (3),  long 
before  the  term  coacervation  was  coined.  This  was  eventually  recognized 
as  being  a  case  of  coacervation  and  studied  as  such  by  MacMasters  et  al 
(42,54). 

Upon  slow  freezing  (at  -2  to  -3°C)  of  starch  paste  (or  amylose  or 
amylopectin  paste)  at  from  0.1  to  10%  concentration,  a  spongy  coacervate 
is  obtained.  The  phenomenon  was  described  as  being  a  partial  desolva- 
tion  of  starch  sol  as  the  paste  gradually  freezes.  Morphological  charac- 
teristics were  reported  to  vary  depending  on  the  experimental  conditions 
and  ranging  from  droplets  or  myelin  structures  to  large  sheet  forms  with 
some  myelin  projections.  Usefulness  of  such  a  spongy  starch  coacervate 
as  a  surgical  agent  was  suggested  by  Bice  et  al  (3) ,  and  its  use  in  con- 
fections has  also  been  demonstrated  by  Hilbert  et  al  (36) .  The  material 
is  on  the  market  as  a  hemostatic  agent;  this  property  was  discovered  by 
Rosenfeld  (52).  The  coacervates  formed  by  starch  with  ethanol  or  chloral- 
hydrate  have  many  similarities  to  the  amylose  complex  formed  with  butanol 
(53) .  MacMasters  et  al  suggested  that  the  amylose  complex  formed  with 
fractionating  agents,  such  as  butanol  or  other  alcohols,  nitroparaffin 
or  chloral  hydrate,  might  originally  represent  a  specific  case  of  coacer- 
vation of  the  linear  component  of  starch  with  subsequent  crystallization 
accompanied  by  loss  of  liquid.  Thus  a  coacervate  obtained  by  mixing 
starch  paste  and  ethanol  was  reported  to  have  an  iodine-sorption  value 
of  131  rag  iodine  per  gram  dry  substance  which  would  indicate  that  two- 
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thirds  of  the  carbohydrate  present  was  amy lose.  Chloral  hydrate-starch 
coacervate  was  found  to  be  more  elastic  and  birefrlngent.   Iodine-sorp- 
tion  values  and  X-ray  diffraction  analysis  indicate  that  both  ethanol 
and  chloral  hydrate  are  of  great  value  as  a  fractionating  agent  to  separ- 
ate amylose  from  amylopectin. 

Doi  and  Nikuni  (31)  found  that  starch,  amylose  or  amylopectin  can 
be  quantitatively  recovered  in  granule  form  from  a  hot  colloidal  sol  by 
adding  a  large  amount  of  gelatin.  Although  X-ray  diffraction  indicated 
relatively  poor  crystallinity  in  such  recrystallized  granules,  it  pro- 
vides the  evidence  that  granulation  (or  partial  crystallization)  may 
take  place  as  the  water  is  progressively  removed  from  a  starch  coacer- 
vate. From  this  evidence  it  is  possible  to  speculate  as  to  the  existence 
of  some  similarity  between  coacervation  of  starch  by  freezing  and  by  the 
action  of  gelatin.  MacMasters  et  al  (42)  discussed  the  possible  mode 
of  starch  granule  formation  In  plant  cells,  principally  based  upon  the 
fact  that  corn  starch  granules  exhibit  no  birefringence  until  their  mois- 
ture content  is  lowered,  either  artificially  or  in  the  natural  process 
of  kernel  maturation.  This  was  also  observed  by  Evans  (33).  At  the 
very  beginning  of  starch  deposition,  liquid  globules  of  carbohydrate 
material  contain  very  tiny  starch  granules.  This  is  described  to  be 
very  similar  to  that  of  the  coacervate-within-a-coacervate  system  often 
observed  after  freezing  starch  pastes  and  gels.   It  was  further  described 
that  the  hilum  of  the  starch  granule  is  a  space  containing  no  starch, 
which,  in  dried  granules,  is  filled  with  air.  This  may  be  the  equiva- 
lent of  a  vacuole  of  the  original  coacervate  from  which  the  liquid  has 
disappeared  during  drying.  The  work  of  Oparln  et.  al  as  previously 
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described  --  in  which  starch  is  synthesized  by  the  action  of  enzymes 
within  a  coacervate  droplet  --  seems  to  give  support  to  this  theory. 
Recently,  a  useful  type  of  application  of  coacervation  has  been 
reported  and  the  processes  have  been  patented  by  industrial  firms  such 
as  Upjohn  Co.  (56,57,58).  The  basic  process  was  described  as  useful 
for  the  production  of  a  coacervate  which  consisted  of  a  stable  complex 
of  an  oil  emulsion  with  a  colloidal  sol  (example,  a  sol  of  gelatin  in 
HoO)  where  oil  drops  were  encapsulated  by  the  sol.  The  encapsulated 
oil  consisted  of  a  hydrophilic  liquid-in-oil  emulsion,  in  which  the 
dispersed  hydrophilic  phase  contained  the  material  of  interest.  Thus 
urea  fertilizer  was  encapsulated  with  gelatin  sol  for  prolonged  nitro- 
gen release  when  applied  in  the  field;  cod  liver  oil  or  castor  oil  was 
encapsulated  with  gelatin  sol  for  pharmaceutical  purposes.  Other  appli- 
cations, such  as  coating  honey-in-oil  emulsion  for  food  uses,  encapsula- 
tion of  photographic  developer  for  slow  release,  and  coated  Pe  powder 
for  use  in  a  magnetic  memory  device,  were  reported  (59). 
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MATERIALS  AMD  METHODS 
Materials 

A.  Starch  -  About  10  pounds  of  Hard  Red  Winter  wheat  flour  (Lot 
No.  364-24)  obtained  from  milling  in  the  pilot  mill  of  the  Department 
of  Flour  and  Peed  Milling  Industry,  Kansas  State  University,  was  used 
as  a  starch  source.  Wheat  starch  was  separated  from  the  flour  by  the 
gluten  washing  method.  The  flour  was  made  into  a  stiff  dough  with 
distilled  water  and  allowed  to  stand  for  2  hours  in  the  refrigerator 
for  the  gluten  to  "develop".  The  flour  dough  ball  was  kneaded  under  a 
stream  of  distilled  water  and  the  impure  starch  slurry  that  passed 
through  a  No.  11XX  nylon  sieve  was  centrifuged  at  580  x  g.  The  "tail- 
ings" fraction  appearing  as  a  layer  above  the  starch  was  carefully 
eliminated  by  scraping  and  the  starch  was  collected,  resuspended  in 
distilled  water,  recentrifuged  and  again  separated  from  any  trace  of 
tailings.  After  3  such  separations,  the  prime  starch  was  air  dried  in 
a  well  ventilated  room  at  25°C  for  24  hours,  then  oven-dried  at  35-38°C 
for  48  hours.  Clumps  of  starch  were  broken  by  hand  in  order  to  prevent 
them  from  forming  a  hard  mass.  This  starch  contained  8. 70%  moisture, 
0.09%  ash,  0.40%  ether  extract  and  0.19%  protein.  The  starch  was  fur- 
ther treated  with  85%  methanol  by  refluxing  it  on  a  water  bath  for  6 
hours  (Two  hours  each  for  3  times.  After  each  2  hours,  methanol  was 
removed  by  vacuum  filtration  and  fresh  methanol  was  added  for  another 
refluxing).  This  defatted  starch  was  used  for  all  experiments. 

B.  Amylomaize  -  Amylomaize  I,  a  product  of  American  Maize  Pro- 
ducts Company,  Roby,  Indiana,  containing  56-57%  amy lose  and  previously 
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defatted  with  85%  methanol  was  used. 

C.  Amylopectin  -  A  product  of  Nutritional  Biochemicals  Corp., 
Cleveland,  Ohio,  was  used. 

D.  Chloral  hydrate  -  0211301302,  U.S. P.  grade,  manufactured  by 
Fisher  Scientific  Company  was  used. 

E.  Gelatin  -  A  granular  gelatin  (for  bacteriological  use)  manufac- 
tured by  Fisher  Scientific  Company  was  used. 

Methods 

A.   Coacervation  of  starch  by  the  action  of  chloral  hydrate.  -  Vari- 
ous amounts  of  defatted  wheat  starch,  amylomaize  or  amylopectin  were  sus- 
pended in  test  tubes  which  contained  a  6  M  (ca.  100  w/vX)  chloral  hydrate 
solution  to  make  a  final  starch  concentration  of  1  to  10%,  in  1%  steps. 
They  were  heated  in  a  boiling  water  bath  for  30  minutes.  A  solution  of 
over  5%  starch,  amylomaize  or  amylopectin  was  found  to  be  extremely  vis- 
cous and  to  tend  to  solidify  when  being  cooled.  Therefore  no  more  than 
5%  concentration  was  used  in  later  experiment!. 

Microscopic  examination  was  made  to  confirm  that  complete  gelatini- 
ze t  ion  wa9  reached.   It  was  found  that  the  starch,  amylomaize  or  amylo- 
pectin in  the  above  range  of  concentration  might  be  completely  gelatini- 
zed or  (in  case  of  the  fractions)  dispersed  in  24  hours  without  heating. 
The  resulting  solutions  were  viscous,  transparent  liquids  which  upon 
prolonged  standing  (more  than  one  month)  at  room  temperature  did  not 
acquire  any  cloudiness  or  appearance  of  suspension. 

The  dilution  of  each  of  these  liquids  with  water  at  specific  pH 
was  made  in  1:2,  1:4,  1:6,  1:8,  1:10  and  1:20  ratios.  The  pH  of  the 
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water  was  adjusted  with  IN  HC1  or  NaOH  to  3,  4,  5,  6,  7  or  8.  The  dilu- 
tion was  carried  out  at  both  room  temperature  and  40  C.  These  experi- 
ments were  conducted  by  using  amylomaize,  amylopectin  or  defatted  wheat 
starch  in  the  above  mentioned  procedure. 

Separate  experiments  were  conducted  with  41  of  defatted  wheat  starch, 
amylomaize  or  amylopectin  in  chloral  hydrate  of  various  concentrations, 
such  as  5,  10,  20,  30,  40,  50  and  707.  (w/v) . 

B.  Coacervation  of  starch  by  action  of  chloral  hydrate,  gelatin 
and  salts.  -  The  solution  of  starch  or  amylomaize  or  amylopectin  in 
chloral  hydrate  was  mixed  with  gelatin  in  a  test  tube  at  various  propor- 
tions and  temperatures.  A  solution  of  4%  starch,  amylomaize  or  amylopec- 
tin in  6  M  chloral  hydrate  solution  was  used  in  most  cases  because  it 
was  found  most  convenient  for  this  experiment.  The  concentration  of  gela- 
tin was  varied  from  3  to  101,  however  a  concentration  of  higher  than  6% 
tended  to  solidify  at  room  temperature,  therefore  3  or  41  was  used  in 
most  experiments.  At  extremely  high  gelatin  concentration,  such  as  100 
g.  per  100  ml.  solution,  a  different  phenomenon  might  be  expected  as  re- 
ported by  Doi  and  Nikuni  (31)  and  this  is  considered  to  be  out  of  the 
scope  of  this  experiment. 

Mixing  proportions  of  starch-chloral  hydrate  vs  gelatin  were  1:1, 
1:2,  1:3  and  2:1,  3:1,  etc. 

Various  salts  were  used  in  order  to  induce  coacervate  from  the  mix- 
ture, i.e.,  a  11  solution  of  NaCl,  KC1,  NaHC03,  Na2S04,  Na2HPC>4  or 
Na3P04. 

Dilute  KI-I-  solution  or  0.11  solutions  of  Congo  Red  or  Safranin-0 
were  employed  for  staining  coacervates  in  order  to  facilitate  the  micro- 
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scopic  examination. 

Coacervation  was  carried  out  at  different  temperatures,  ranging 
from  room  temperature  to  40°C.  It  was  found  that  the  stability  of  a 
coacervate  was  greatly  decreased  by  increasing  the  temperature.  There- 
fore the  experiment  was  carried  out  mostly  at  room  temperature.  The  pH 
of  gelatin  was  adjusted  to  3,  5,  7  or  8,  by  addition  of  IN  HC1  or  NaOH 
solution. 
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RESULTS  AND  DISCUSSION 
Coacervatlon  of  Starch  by  the  Action  of  Chloral  Hydrate 

When  0.1  to  1.0  g.,  in  0.1  g.  steps,  of  defatted  starch,  amylo- 
maize  or  amylopectin  was  mixed  and  heated  in  a  boiling  water  bath  with 
10  ml.  of  6  M  chloral  hydrate  solution  in  a  test  tube,  a  clear,  viscous 
liquid  was  obtained  within  30  minutes.  This  was  also  achieved  without 
heating  the  mixture.  The  resulting  liquid,  upon  prolonged  standing  at 
room  temperature,  did  not  acquire  any  cloudiness  or  appearance  of  con- 
taining a  solid  in  suspension.  This  was  confirmed  by  microscopic  examin- 
ation. 

Amylomaize  which  contained  56-57%  amylose  was  not  gelatinized  by 
boiling  its  water  suspension  under  atmospheric  pressure.  However  the 
amylomaize  was  apparently  completely  dissolved  by  6  M  chloral  hydrate 
solution  with  or  without  heating. 

A  solution  of  more  than  5%  defatted  starch,  amylomaize  or  amylopec- 
tin was  found  to  be  extremely  viscous  and  to  tend  to  solidify  upon  cool- 
ing. Therefore  usually  a  3-4%  concentration  was  employed. 

When  a  liquid  system  of  4%  defatted  starch  in  chloral  hydrate  was 
diluted  with  water  at  the  ratio  of  1:10  at  pH  3.5  (original  pH  of  6  M 
chloral  hydrate  aqueous  solution) ,  a  white  cloudiness  immediately  occur- 
red but  rapidly  disappeared  into  solution  within  a  minute.  The  microscopic 
observation  indicated  that  the  cloudiness  resulted  from  the  formation  of 
a  large  amount  of  tiny  coacervate  droplets  which  were  nearly  transparent 
and  varied  in  their  size.   It  was  found  that  the  coacervate  tends  to  be 
more  stable  at  lower  dilution  ratios  or  when  higher  starch  concentration 
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is  employed.  In  this  instance,  however,  the  coacervate  rapidly  dis- 
appeared when  it  was  placed  on  the  microscopic  slide.  This  was  because 
of  the  extremely  unstable  characteristic  of  the  coacervate  that  might 
be  attributed  to  what  was  described  by  Bungenberg  de  Jong  as  a  wetting 
phenomenon  similar  to  that  often  seen  in  certain  hydrophilic  colloids 
(20). 

After  this  period,  upon  prolonged  standing  at  room  temperature,  a 
firm,  compact  white  precipitate  appeared  and  gradually  increased  in 
quantity  during  the  first  few  hours.  The  precipitate  then  settled  down 
onto  the  bottom  of  the  container,  thus  two  layers  distinctly  appeared 
(Pig.  1).  With  extremely  small  dilution  ratios,  such  as  1:1  or  less, 
none  or  very  few  needle-shape  crystals  were  obtained.  At  high  dilution 
ratios,  such  as  1:20  or  greater,  however,  the  separation  of  two  layers 
was  achieved  as  well.  The  white  precipitate  which  was  described  by  other 
workers  (42,60)  appeared  under  the  microscope  as  tiny,  transparent  bilo- 
bate  particles,  sometimes  with  irregularly  shaped  outlines,  which  gradu- 
ally dissolved  upon  boiling  with  the  supernatent  liquid  (Fig.  2). 

The  shape  of  the  precipitated  particles  was  varied  depending  on  the 
experimental  conditions.  At  near  3-4%  starch  or  amylomaize  in  6  M  chloral 
hydrate  solution  with  the  dilution  ratio  of  1:8,  the  precipitate  was  com- 
posed of  bilobate  particles  which  showed  some  elasticity  when  pressed 
under  the  cover  glass  during  microscopic  examination.  At  a  relatively 
low  concentration  of  chloral  hydrate  solution  (20-40%)  or  at  a  higher 
dilution  ratio  (1:20  or  more),  the  precipitate  was  a  mass  of  single 
needles  or  an  agglomerate  that  appeared  to  be  made  up  of  loose  sheaf- 
like bundles  of  needle-shaped  crystals.  The  precipitate  was  weakly 
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Fig.  1.   Precipitate  of  amylose-chloral  hydrate 
complex  formed  after  dilution  of  a  41 
amylomaize  (A) ,  4X  defatted  starch  (B) 
or  4%  amylopectin  (C)  in  6M  chloral 
hydrate  with  10  parts  of  distilled 
water. 
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Pig.  2.  Microscopic  appearance  of  KI-I2  stained 
precipitate  of  Fig.  1,  A  (upper)  and  B 
(lower)  are  the  corresponding  test  tube 
on  Fig.  1.  Mag.  136X 
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blrefrlngent  (Pig.  3)  and  stained  blue  upon  addition  of  KI-I2  solution, 
whereas  the  supernatant  liquid  stained  light  violet.   It  was  postulated 
that  the  precipitate  was  an  amylose-chloral  hydrate  complex  with  a  large 
amount  of  occluded  water  in  its  loose  texture. 

The  amylose-chloral  hydrate  complex  occurred  at  all  concentrations 
of  starch  or  amylomaize  at  pH  range  of  2.5  to  8,  but  not  with  amylopec- 
tin,  so  far  as  was  tested.  With  a  fixed  concentration  of  starch  (4X)  and 
constant  dilution  ratio  (1:8),  the  amount  of  complex  was  nearly  constant 
on  changing  chloral  hydrate  concentration  and  pH  (Table  1) . 

However  the  maximum  volume  of  the  complex  was  obtained  at  a  dilu- 
tion ratio  of  1:5  to  1:10  when  4%  of  starch  or  amylomaize  in  6  M  chloral 
hydrate  solution  was  employed  (Table  2) . 

At  fixed  concentration  of  chloral  hydrate  (6  M)  and  the  dilution 
ratio  1:8,  the  amount  of  complex  was  Increased  as  the  concentration  of 
starch  or  amylomaize  was  increased  (Table  3) .   The  pH  was  again  found 
to  play  no  role  in  the  formation  of  the  complex. 

A  temperature  of  over  50°C  distinctly  reduced  the  amounts  of  complex. 
Prolonged  boiling  led  to  the  nearly  complete  disappearance  of  the  complex, 
but  it  rapidly  reappeared  upon  cooling.  When  the  complex  was  placed  at 
room  temperature  for  several  weeks  or  longer,  however,  it  only  partially 
dissolved  in  the  supernatant  liquid  upon  boiling. 

Under  the  same  experimental  conditions,  amylomaize  produced  the 
largest  amount  of  complex,  followed  by  defatted  starch,  and  a  very  low 
amount  was  obtained  from  amylopectin  (See  Fig.  1).   Prom  the  fact  that 
the  commercially  produced  amylopectin  contained  up  to  10%  amy lose,  it 
was  thought  that  the  precipitate  found  in  the  amylopectin  preparation 
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Table  1.  Effect  of  chloral  hydrate  solutions  on  formation  of  precipi- 
tate from  4%  defatted  wheat  starch.   Precipitates  which 
formed  by  dilution  with  water  (1:8)  were  centrifuged  after 
standing  for  24  hours. 


Cone,  of  chl.hyd.X 


1   ppt.  at  pH  4.5 
%   ppt.  at  pH  8 


10 


20 


30 


40 


50 


70    100 (6M) 


41.5   40.0   40.0   39.0   38.9   39.0    39.1 
40.0   40.0   41.0   38.5   39.0   39.0    38.7 


Table  2.  Effect  of  dilution  of  4%  defatted  wheat  starch  in  6  M  chloral 
hydrate  solution  with  water  on  formation  of  precipitate.  (pH 
of  water  was  3.5) . 


Dil. 
ratios 


1:3   1:4   1:5   1;6   1:7   1:8   1:9  1:10  1:12  1:16  1;20 
%  ppt.  32.1  34.5  36.0  37.5  37.5  38.0  36.5  36.2  30.0  28.2  12.7 


Table  3.  Effect  of  concentration  of  starch  on  formation  of 
precipitate.   Starch  was  dissolved  in  6  M  chloral 
hydrate  solution  and  diluted  with  water  by  1:8,  at 
pH  3.5. 


Cone,    of  starch, %     0.5 

1.0 

1.5 

2.0 

3.0 

4.0 

1  ppt.                            5.0 

11.0 

16.4 

20.1 

29.5 

38.2 

22 


£&• 


T. 


.« 


* 
». 


•j»' 


•••; 


•5; 


Fig.  3.   Upper,  KI-I,  stained  amylose-chloral  hydrate  complex,  an  agglom- 
erate of  small  particles;  lower,  bilobate  structure  of  amylose- 
chloral  hydrate  complex  after  standing  at  room  temperature  for 
3  weeks.   The  complex  is  weakly  birefringent.   Mag.  198X. 
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might  also  be  an  amylose-chloral  hydrate  complex.  Microscopic  examina- 
tion and  the  reversibility  of  the  precipitate  upon  heating  were  found 
to  be  similar  to  these  properties  of  the  complex  produced  from  starch 
or  amylomaize  preparation. 

From  the  above  experiment,  it  was  obvious  that  a  very  unstable  co- 
acervation  occurred  at  the  first  stage  of  dilution,  then  it  rapidly  dis- 
appeared, followed  by  a  second  stage  formation  of  amylose-chloral  hydrate 
complex.  However,  it  is  unknown  whether  coacervation  precedes  the  final 
complex  formation.  If  it  does,  then  the  complex  might  be  expected  to 
include  amylopectin  as  well  as  amylose  since  the  coacervate  should  have 
included  both  amylose  and  amylopectin.   On  the  other  hand,  amylopectin 
could  be  lost  into  the  equilibrium  liquid  as  crystals  of  the  complex 
formed.   Prom  the  observations  made  it  is  impossible  to  conclude  defi- 
nitely that  coacervation  does  or  does  not  immediately  precede  complex 
formation. 

Yu  (60)  stated  that  the  coacervation  of  starch  by  the  action  of 
chloral  hydrate  occurred  within  a  definitely  narrow  range  of  pH  (6.0- 
7.0)  when  50  ml.  of  11   starch  paste  was  mixed  with  50  ml.  of  16X  chloral 
hydrate  solution.  The  action  of  chloral  hydrate  was  described  as  a  par- 
tial dehydration  in  this  instance.  However  the  shape  of  the  coacervate 
droplets  which  were  shown  by  Yu  was  quite  similar  to  that  of  the  amylose- 
chloral  hydrate  complex  obtained  in  this  experiment. 

In  the  coacervation  of  an  ionized  colloid  produced  by  desolvation, 
either  by  the  action  of  electrolytes  or  other  means,  the  surface  poten- 
tial of  the  solvation  layer  which  surrounding  the  colloid  particle  is 
lowered  and  the  colloid  therefore  loses  stability.   To  accommodate  the 
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the  change  of  the  surface  tension  —  though  it  is  known  to  be  very  small  • 
the  surface  of  the  coacervate  usually  takes  a  smooth,  round  or  nearly 
round  droplet  form.  The  droplets  do  not  exhibit  crystallinity  and  are 
not  birefringent.  Therefore  weakly-birefringent,  rough-edged,  needle- 
shaped  crystals  and  bilobate  bodies  composed  of  clusters  of  them  which 
the  amylose-complex  forms  seem  hardly  to  be  a  coacervate. 

The  amylose  complex  which  was  obtained  in  this  experiment  was  fairly 
stable  upon  addition  of  salts.  This  disagreed  with  the  general  instabil- 
ity of  a  coacervate  upon  addition  of  excess  electrolytes.  Moreover  co- 
acervation  largely  depends  on  the  pH  and  mixing  proportions  of  ingredi- 
ents, therefore  coacervation  generally  takes  place  within  a  specific 
range  of  experimental  conditions  in  which  all  constituents  are  mixed  in 
such  a  proportion  that  coacervation  will  be  favored,  as  described  by 
Bungenberg  de  Jong  (23) .  This  also  suggests  a  possible  difference  be- 
tween coacervation  and  the  amylose  complex. 

MacMasters  et  al  (42)  indicated  the  evidence  of  similarity  on  the 
basis  of  an  X-ray  pattern  of  amylose-nitroparaffin  complex  and  amylose- 
chloral  hydrate  complex  which  they  obtained  as  a  precipitate  of  disc- 
and  dumbbell-shaped  particles  about  10  to  20  IX   in  diameter  or  length. 
They  further  indicated  that  the  complex  contained  about  23  to  30%  chlor- 
ine, which  decreased  to  17%  after  9  days.   Removal  of  chloral  hydrate 
from  the  complex  by  alcohol  extraction  resulted  in  formation  of  a 
colorless  friable  solid  which,  after  drying,  sorbed  159  mg.  iodine  per 
g.  dry  wt.   If  it  is  assumed  that  pure  amylose  sorbs  200  mg.  iodine  per 
g.,  the  amylose  content  of  the  complex  may  be  considered  to  be  about 
80%.  This  indicates  that  chloral  hydrate  may  be  a  good  fractionating 
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agent  for  amylose. 

Although  formation  of  the  complex  is  not  a  case  of  coacervation, 
considerable  attention  has  been  given  to  the  phenomenon  for  two  reasons: 
to  distinguish  between  it  and  coacervation  and  to  add  to  the  existing 
concept  of  the  formation  of  amylose  complexes. 


Coacervation  of  Starch  by  Action  of  Chloral 
Hydrate  and  Gelatin 


Four  percent  of  defatted  wheat  starch,  amylomaize  or  amylopectln 
was  dissolved  in  6  M  (approximately  100  w/v  1)   chloral  hydrate  solution 
by  either  heating  it  in  a  boiling  water  bath  for  30  minutes  or  placing 
it  at  room  temperature  for  24  hours  without  heating.   The  resulting 
colorless,  viscous  liquid  was  then  mixed  with  4%  gelatin  solution  at 
pH  2.5-8.0  at  various  mixing  ratios.  The  results  are  shown  in  Table  4. 

Coacervation  occurred  immediately  after  mixing  at  a  ratio  of  1:1 
at  pH  3.0-4.0.  At  the  ratios  of  1:2  (pH  3.0-4.5)  and  1:3  (pH  3.0-4.0) 
the  coacervate  occurred  only  after  a  very  dilute  solution  of  neutral 
salts  was  added,  i.e.,  NaCl,  Na2S04  etc.   (This  will  be  discussed  in  a 
later  section).  With  other  ratios,  coacervation  seemed  hard  to  obtain. 
At  pH  below  3  or  above  5,  no  coacervation  took  place.  Por  the  best  re- 
sult, a  mixing  ratio  of  1:1  and  pH  3.5  were  employed. 

The  coacervate  as  it  occurred  appeared  as  a  faint  cloudiness  which, 
after  standing  over  night,  tended  to  separate  into  two  distinct  layers 
(Fig.  4).  The  upper  layer,  which  was  equivalent  to  about  2/5  of  the 
total  volume,  was  colorless  and  clear.   It  was  colored  light  violet  by 
diluted  KI-I-  solution  and  microscopic  examination  did  not  show  any 
indication  of  the  presence  of  particles.  The  bottom  layer,  which  consisted 
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Table  4.   Effect  of  pH  and  mixing  ratio  on  for- 
mation of  starch-chloral  hydrate-gela- 
tin coacervate. 


Mx. 1  41  Starch-chloral  . 5% T 

Ratio    V hydrate »  gelatin  J 

pH      1:1     1:2   1:3   2:1      3:1 

2.5  ... 

3.0 

3.5 

4.0 

4.5 

5.0 

6.0  - 

7.0  - 

8.0 - -  - 

Note:  +,  First,  cloudiness  occurred,  then  visi- 
ble layers  separated  out  after  standing 
over  night. 

-,  No  change  was  observed 

(+) ,  Separation  of  two  layers  occurred  only 
after  diluted  solution  of  neutral  salt 
was  added. 


+ 

(+) 

(+) 

+ 

(+) 

(+) 

+ 

(+) 

(+) 

+  ? 

(+) 

- 
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Fig.  4.  Coacervate  (Bottom  Layer)  formed  by  mix- 
ing 4%  starch  in  6  M  chloral  hydrate  with 
equal  amount  of  4%  gelatin  solution  at  pH 
3.5. 
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of  about  2/5  of  the  total  volume,  was  slightly  yellow  in  color  and 
faintly  cloudy.  The  turbidity  was  due  to  the  formation  of  coacervate 
droplets  which  were  fluid  and  of  large  dimension  (Figs.  5,6).  They 
were  stained  blue  by  dilute  KI-I2  solution  and  bright  orange  by  Safranin- 
0  solution.  This  indicated  the  presence  of  gelatin  in  the  droplet  to- 
gether with  starch  components.  However  the  coacervate  droplets  tended 
to  disappear  after  about  half  an  hour  whereas  two  layers  still  remained 
separated. 

Either  one  of  the  components,  starch,  amylomaize,  amylopectin  or 
chloral  hydrate  alone  with  gelatin  solution  did  not  give  any  cloudiness 
or  droplets.  However  it  was  found  that  a  dilute  solution  of  starch 
paste  made  by  autoclaving  1-3%  starch-water  suspension  at  15  lbs.  pres- 
sure, (250°  P  for  1  hour),  when  mixed  with  equal  amount  or  more  of  3% 
gelatin  solution  produced  a  precipitate  on  the  bottom  of  the  container 
after  standing  for  24  hours  or  longer  at  35°C  in  a  thermostat.  The 
volume  of  precipitate  was  measured  by  centrifuglng  the  mixture  in  a 
graduated  centrifuge  tube  at  approximately  1029  x  g.  for  10  minutes  (Table 
5).  The  precipitate  was  white;  it  stained  light  violet  with  KI-I2  solu- 
tion and  was  insoluble  in  water.  Microscopic  examination  indicated  that 
it  was  chiefly  constituted  from  starch  granule  sacs. 

Prom  the  data  in  Table  5,  it  might  be  concluded  that  the  amount  of 
precipitate  was  nearly  proportional  to  the  amount  of  starch  in  the  mix- 
ture. Gelatin,  in  this  instance,  seemed  to  play  no  role  in  formation 
of  the  precipitate. 

It  is  more  likely  that  the  precipitation  is  merely  a  retrogradation 
of  starch  paste  in  which  the  linear  fraction  of  starch  aggregates  to 
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Fig.  5.   Upper,  coacervate  droplets  obtained  after 
dilution  of  4%  starch  in  chloral  hydrate 
and  4%  gelatin  (1:1)  at  pH  3.5  with  an 
equal  amount  of  water;  lower,  same  as  up- 
per but  coacervate  was  warmed  to  40  C  for 
one  minute.  KI-I2  stained.  Mag.  198X 
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Pig.  6.   Upper, coacervate  droplets  formed  by  mix- 
ing 4%  amylomaize  in  6  M  chloral  hydrate 
and  4%  gelatin  solution  (1:1);  lower,  co- 
acervate droplets  of  amylopectin-gelatin  by 
same  procedure  as  described  above.  Mag. 
136X. 


Table  5.  The  volume  of  precipitate  pro- 
duced by  mixing  various  concen- 
trations and  amounts  of  gelatin 
and  starch  solution.   (3G  =  3% 
gelatin,  IS  ■  1%  starch  and  so 
on.) 
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Mixing 

propn 

ppt. 
(ml.) 

10  ml, 

IS  + 

10  ml 

3  G 

2.3 

5  ml, 

IS  + 

5  ml 

.  3  G 

2.3 

10  ml, 

IS  + 

10  ml 

>  H20 

2.1 

10  ml, 

IS  + 

5  ml 

,  H20 

2.0 

5  ml, 

IS  + 

10  ml 

,  H20 

0.8 

10  ml, 

3S  + 

10  ml 

,  3  G 

6.6 

10  ml, 

3S  + 

5  ml 

,  3  G 

6.5 

10  ml, 

3S  + 

10  ml 

>  H20 

6.3 

NOTE:  Starch  solution  made  by  autoclaving 
starch-water  suspension  at  15  lbs. 
pressure,  250°  P  for  1  hour. 
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form  an  insoluble  precipitate  as  the  paste  is  being  aged.  With  higher 
gelatin  concentration,  the  precipitate  tends  to  resist  settling  when 
it  ia  centrifuged,  probably  due  to  the  fact  that  the  gelatin  occludes 
the  starch  granule  sacs  to  form  a  viscous*  elastic  layer  around  each 
Individual  granuler  sac,  thus  indirectly  increasing  the  volume  of  pre- 
cipitate. This  was  evidenced  by  the  fact  that  at  higher  gelatin  con- 
centration, the  volume  of  precipitate  was  slightly  more  than  at  lower 
gelatin  concentration  at  the  same  starch  level,  as  seen  in  Table  4. 

Ostwald  and  Hertel  (49)  reported  upon  the  precipitate  produced  by 
mixing  wheat  starch  paste  and  gelatin  solution.  With  constant  gelatin 
concentration  (4X) ,  the  amount  of  precipitate  proportionally  increased 
as  the  concentration  of  starch  (0.25-2.0%)  increased.  With  constant 
starch  concentration  (2%)  and  variable  gelatin  concentration  (1-8%) , 
the  volume  of  precipitate  was  nearly  constant,  except  for  a  very  small 
peak  at  a  mid-range  of  gelatin  concentration.  The  precipitate  was  re- 
ported to  be  a  white,  voluminous  or  compact  mass  depending  on  the  level 
of  gelatin  concentration.  Neither  the  formation  of  new  phases  nor,  more 
specifically,  of  coacervate  droplets  was  described  in  this  Instance.  The 
precipitate  which  Ostwald  obtained  by  centrlfuging  the  mixture  either 
immediately  or  10  minutes  after  mixing  starch  and  gelatin  might  be  com- 
posed of  granule  sacs  or  of  retrogradated  amy lose. 

It  was  pointed  out  by  Koets  (40)  that  in  neutral  or  slightly  acid 
solution,  the  negative  charge  of  amylose  is  too  small  to  bring  about 
coacervation  with  positively  charged  proteins;  the  mutual  attraction 
being  too  small  to  overcome  the  repelling  force  of  the  micelle  hydra- 
tion. He  further  demonstrated  that  starch  was  capable  of  coacervation 
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by  changing  the  hydroxyl  groups  of  atnylose  to  a  strongly  negative  group. 
Thus  he  obtained  a  starch  coacervate  by  mixing  amylophosphoric  acid  and 
gelatin  at  pH  5,  in  which  case  a  sufficiently  high  density  of  charge  of 
amylophosphoric  acid  was  now  able  to  overcome  the  repelling  force  of  the 
micelle  hydration. 

The  coacervate  which  was  obtained  by  mixing  starch-chloral  hydrate 
solution  and  gelatin  in  this  experiment  was  so  unstable  that  it  disap- 
peared into  solution  within  about  30  minutes.  It  was  first  assumed 
that  when  starch  is  dissolved  in  chloral  hydrate,  a  new  breed  of  micelle 
structure,  which  is  Independently  related  to  linear  or  branched  fraction, 
might  be  expected  in  which  the  density  of  charge  would  become  much  higher 
than  for  starch  alone.  Finar  (34)  pointed  out  that  chloral  hydrate  in 
aqueous  solution  is  very  acidic  and  that  it  has  hydrogen  bonds  between 
two  hydroxyl  groups  and  two  chloride  ions.  This  suggests  a  possible 
mode  of  formation  of  a  "starch-chloral  hydrate  mixture"  as  a  hydrophllic 
colloid  with  an  appreciable  density  of  charge  and  with  the  consequent 
ability  to  combine  with  positively  charged  colloidal  protein  to  form 
coacervate  droplets.  If  the  production  of  a  coacervate  of  a  hydrophllic 
colloid  depends  on  the  removal  of  stabilizing  factors  (capillary  charge 
of  micelle  and  solvation  water  surrounding  the  micelle);  the  action  of 
gelatin  on  starch-chloral  hydrate  complex  might  be  explained  as  a  de- 
dolvatlon  such  as  has  been  studied  upon  coacervatlon  of  gelatin  and  gum 
arable  by  many  workers. 

Bungenberg  de  Jong  and  Kruyt  (4,5)  suggested  that  the  tendency  of 
a  hydrophllic  colloid  to  enter  into  a  coacervate  is  dependent  on  the 
density  of  charge  on  the  surface  of  the  colloid  micelle.  Koets  (40) 
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further  Indicated  that  the  better  the  opposite  charges  are  balanced 
and  the  greater  the  difference  In  charge,  the  greater  will  be  the  mu- 
tual dehydration.  Thus  a  coacervate  may  separate  out  In  a  relatively 
unstable,  liquid-rich  form  (high  water  content  of  coacervate  droplet) 
or  a  more  stable,  compact  and  plastic  mass,  depending  on  the  charge 
characteristics  of  an  individual  colloid. 

Prom  the  view  described  above,  it  was  postulated  that  the  micelle 
of  "starch-chloral  hydrate  mixture"  possesses  a  relatively  low  density 
of  charge;  the  charge  is  so  little  that  it  is  just  enough  to  overcome 
the  repelling  force  of  the  water  of  hydration  that  is  surrounding  the 
micelle,  in  order  to  permit  it  to  approach  the  gelatin  molecule.   In 
this  instance  the  starch-chloral  hydrate  micelle  might  unite  with  a 
gelatin  micelle,  together  with  a  small  but  decreased  amount  of  hydra- 
tion water.  The  coacervate  in  this  Instance  should  be  voluminous,  rich 
in  equilibrium  liquid,  and  therefore  unstable.  This  is  a  complex  coa- 
cervation  in  which  an  adequate  charge  opposition  between  two  colloids 
causes  coacervation.  As  previously  described,  the  coacervation  of 
starch-chloral  hydrate  and  gelatin  occurred  at  pH  3.0-4.0.  At  a  pH 
higher  than  that  of  the  isoelectric  point  (4.8),  gelatin  exhibits  nega- 
tive charges,  therefore  no  coacervation  might  be  expected.  Since  the 
charge  effect  of  starch-chloral  hydrate  mixture  is  weak,  the  lower  the 
pH  of  the  gelatin,  the  greater  the  difference  in  charge  (greater  effec- 
tive attraction  between  the  particles)  will  be.  Thus  a  coacervate  Is 
most  easily  produced  at  pH  3.0-4.0.  At  extremely  low  pH,  another  factor 
is  encountered.  That  is  a  resultant  high  electrolyte  concentration  (con- 
siderable amount  of  acid  must  be  added  to  bring  the  pH  down)  and  possible 
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changes  in  protein  nature.  This  may  also  be  unfavorable  for  coacerva- 
tion  to  take  place. 

The  Action  of  Water  and  Salts 

It  has  previously  been  described  that  an  instability  of  the  coacer- 
vate  which  was  produced  by  the  action  of  gelatin  on  starch-chloral  hy- 
drate mixture  was  chiefly  due  to  the  insufficient  charge  effect  of  the 
micelles  of  the  starch-chloral  hydrate  mixture,  i.e.,  the  density  of 
charge  was  not  large  enough  to  expell  all  hydration  water  which  was  sur- 
rounding the  micelle  bodies.  Therefore  the  resulting  coacervate  drop- 
lets tended  to  include  more  hydration  water  in  their  make-up. 

Upon  addition  of  a  limited  amount  of  water  (pH  6.8)  or  of  0.01% 
salt  solution  (NaCl,  Na-SO^,  Na3P04  etc.)  to  either  fresh  starch-chloral 
hydrate-gelatin  mixture  or  to  the  mixture  after  the  unstable  coacervate 
had  disappeared,  a  large  number  of  coacervate  droplets  were  produced. 
The  system,  originally  nearly  transparent,  was  now  highly  turbid.  The 
coacervate  as  it  was  seen  under  the  microscope  was  composed  of  spheri- 
cal droplets  of  various  sizes;  some  were  composite  coacervate  drops, 
each  consisting  of  from  two  to  more  coexisting  droplets  (Pigs.  7,8,9). 

An  attempt  was  made  to  establish  a  quantitative  relationship  be- 
tween the  composition  of  the  coacervate  and  that  of  the  equilibrium 
liquid  at  various  salt  concentrations;  however  it  failed,  chiefly  be- 
cause the  isolation  of  the  coacervate  was  found  to  be  extremely  diffi- 
cult, since  the  coacervate  has  the  same  constituents  as  occur  in  the 
equilibrium  liquid.  Turbidity  could  not  be  used  as  a  measure  of  the 
amount  of  coacervate,  since  the  system  was  not  homogeneous;  the  droplets 


36 


U 


Q 


U  ■     u 


(j 


w 


u 


u 


oo 


u 


o 


0 


u 


.J^J 


u<~> 


u 


U 


U 


j  <j 


u 


u 

© 

v- 

D 

u 

?;© 

Pig.  7.  Complex  coacervate  of  starch-chloral  hydrate  gelatin  formed 

by  dilution  of  a  mixture  (pH  3.5)  of  47.  starch  in  6  M  chloral 
hydrate  and  47.  gelatin  (1:1)  with  an  equal  amount  of  distil- 
led water.   Upper,  at  room  temperature;  lower,  the  coacervate 
was  warmed  to  40  C  for  1  minute,  then  gradually  cooled  to  room 
temperature.   Originally  non-vacuolized  or  slightly  vacuolized 
coacervate  droplets  were  now  strongly  vacuolized.   A  typical 
composite  coacervate  was  formed.  Mag.  198X 
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Fig.  8.  Complex  coacervate  formed  by  the  action  of  0.01%  NaCl  solution. 
A  4%  starch  in  6  M  chloral  hydrate  solution  was  mixed  with  an 
equal  amount  of  4%  gelatin.   This  mixture  was  diluted  with  an 
equal  amount  of  distilled  water  and  1  drop  of  0.01%  NaCl  solu- 
tion was  added  to  1  ml.  of  diluted  mixture.  Upper,  non-vacuo- 
lized  coacervate;  lower,  vacuolization  occurred  after  the  sys- 
tem was  warmed  to  40°C  and  subsequently  cooled  to  room  tempera- 
ture. Mag.  198X 
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Fig.  9.  Complex  coacervate  of  starch-chloral  hydrate  gelatin  formed 
by  the  action  of  Ne^SO*  (upper)  or  NajPCv  (lower) .   One  drop 
of  0.01%  Na2S04  or  Na3F04  solution  was  added  to  the  mixture 
of  4%  starch  in  6  M  chloral  hydrate  and  4%  gelatin.  Mag. 
198X 
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might  settle  down  to  the  bottom  of  the  container  as  it  was  being  placed 
in  the  electrophotometer.  Furthermore  the  size  of  the  droplets  was 
found  to  be  variable  depending  on  the  concentration  of  salt  used. 

The  droplets,  however,  exhibited  the  general  characteristics  of 
a  coacervate  (such  as  reversibility,  vacuolation,  etc.)  which  have  been 
described  in  the  literature.  The  fact  that  the  droplets  stained  blue 
by  diluted  KI-I,  solution  or  stained  bright  orange  by  Congo  Red  or 
Safranin-0  solution  indicated  that  both  starch  and  gelatin  were  present 
in  them.  The  coacervate  was  reversible.  When  it  was  diluted  with  a 
large  excess  of  water  (for  example,  3  drops  of  water  to  one  drop  of 
coacervate),  the  coacervate  rapidly  disappeared.  However  the  coacer- 
vates  were  again  produced  upon  removal  of  excess  water  without  heating. 
This  was  done  by  using  an  electric  fan  to  send  forced  air  over  the  co- 
acervate on  the  microscopic  slide  glass.  The  droplets  thus  produced 
were  the  same  in  appearance  as  the  original  coacervates.  The  sequence 
was  observed  by  use  of  the  microscope  (Fig.  10). 

Upon  heating,  the  coacervate  droplets  gradually  became  indistinct 
aroung  their  edges,  seemed  to  become  confluent  with  the  surrounding 
liquid  and  finally  disappeared  at  70°C.  Rapid  cooling  of  the  remaining 
solution  brought  about  reappearance  of  the  coacervate.  But  in  this 
second  appearance  the  number  of  droplets  seemed  to  be  fewer. 

Defatted  wheat  starch,  amylomaize  and  amylopectin  all  produced 
coacervates  that  behaved  the  same  under  the  conditions  described  above 
(Fig.  6). 

Production  of  a  coacervate  upon  dilution  with  water  was  long  ago 
observed  by  Bungenberg  de  Jong  (5,22).  It  was  suggested  as  one  of  the 
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Fig.  10.  The  action  of  water  on  the  complex  coacervate  of  starch-chloral 
hydrate  gelatin  which  is  produced  by  the  action  of  NaCl  solu- 
tion. Upper,  excessive  amounts  of  water  rapidly  destroyed  the 
coacervate  droplets;  lower,  the  coacervate  droplets  were  repro- 
duced by  fan-drying  for  15  minutes.  Mag.  198X 
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characteristic  phenomena  of  the  production  of  complex  coacervates  from 
hydrophilic  colloids.  Water  in  this  instance,  as  was  explained,  acts 
as  a  weak  electrolyte  that  interferes  with  the  equilibrium  among  mi- 
celles, i.e.,  to  diminish  the  repulsive  force  and  to  increase  the 
effective  attraction  between  two  colloidal  particles. 

However,  the  present  work  has  shown  that  while  the  amount  of  water 
added  is  critical  for  the  production  of  a  coacervate,  the  stage  at  which 
it  is  added  is  equally  critical.  Bungenberg  de  Jong's  suggestion  does 
not  explain  this.  It  is  more  likely  that  the  water  affects  the  "partial 
miscibility"  of  hydrophilic  colloids  in  an  unexplained  way  to  diminish 
the  water  content  of  the  colloidal  micelles.   In  either  case,  the  amount 
of  water  added  is  a  critical  factor;  that  is,  a  little  excess  in  the 
amount  of  water  might  affect  the  proper  mixing  proportion  of  two  colloids. 
This,  apparently,  would  not  induce  coacervation. 

Coacervation  of  a  hydrophilic  sol  generally  demands  the  removal 
of  two  stability  factors:  electrostatic  charge  of  the  colloidal  micelle 
and  dehydration.  Present  work  showed  that  the  starch-chloral  hydrate 
mixture  formed  a  coacervate  with  gelatin  probably  by  mutual  dehydration 
of  these  two  oppositely  charged  colloids.  This  is  more  definitely  shown 
by  addition  of  a  limited  amount  of  a  neutral  salt  to  the  mixture  of  starch- 
chloral  hydrate  and  gelatin.  When  1-3  drops  of  0.01%  NaCl,  Na2S0^  or 
Na3P04  solution  was  added  to  1  ml.  of  the  above  mixture,  a  thick  and 
white  cloudiness  Immediately  occurred.  When  a  salt  was  added  without 
disturbing  the  sol,  the  coacervate  formed  a  thick,  white  layer  on  top 
of  the  solution  (Fig.  11).  Microscopic  examination  showed  the  produc- 
tion of  a  large  number  of  spherical  droplets  of  coacervate  which  contained 
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Fig.  11.   Salt  solution  was  added  to  the  mixture  of 
VL   starch-chloral  hydrate  and  47.  gelatin 
(1:1)  without  disturbing  the  mixture.  The 
coacervate  was  formed  immediately  after 
addition  as  a  thick,  white  layer. 
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vacuoles.  The  droplets  were  stained  blue  by  diluted  KI-I2  solution, 
and  bright  orange  by  Safranin-0  solution,  like  the  coacervate  obtained 
with  dilution  by  water.  The  coacervate  was  very  stable;  after  standing 
3  days  at  room  temperature,  the  droplets  still  remained  unchanged. 

As  they  are  electrolytes,  the  salts  when  added  to  the  oppositely 
charged  hydrophilic  colloids,  diminish  the  repulsive  force  which  opposes 
the  effective  attraction  of  colloidal  micelles  and  thus  allow  the  indif- 
ferent colloidal  micelles  to  approach  each  other.  Assume  that  the 
action  of  a  salt  were  just  sufficient  to  diminish  the  repulsive  force 
of  the  water  of  hydration  around  the  micelles  and  thus  permit  two  op- 
positely charged  colloidal  micelles  to  come  into  contact  and  to  fuse 
together,  finally  to  form  a  larger  molecular  skein;  this  would  cause 
immediate  production  of  a  coacervate.  The  more  the  repulsive  force  is 
diminished,  the  lesser  the  water  content  of  the  coacervate  will  be. 
The  coacervate  in  this  instance  would  contain  less  water,  therefore  it 
would  be  denser  and  more  stable  as  compared  with  that  produced  without 
salt  effect.  In  fact,  the  usefulness  of  a  neutral  salt  as  an  effective 
desolvation  agent  has  often  been  demonstrated  by  Bungenberg  de  Jong 
et  al  (5,8,11,37). 

However,  the  remarkable  effect  of  salts  may  be  useless  when  an 
excessive  amount  is  used.   It  was  found  that  when  1  drop  of  57.  NaCl 
(or  Na.SO, ,  Na~PO»)  solution  was  added  to  1  ml.  of  a  coacervate  of 
starch-chloral  hydrate  and  gelatin  which  was  produced  by  addition  of 
1-3  drops  of  0.01%  NaCl,  the  coacervate  which  originally  existed  was 
immediately  dispersed.  The  salt  in  this  Instance,  not  only  diminished 
the  repulsive  force  of  the  water  of  hydration  but  also  evidently 
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diminished  the  charge  of  the  colloidal  micelles  and  this  apparently  in- 
hibited the  production  of  a  coacervate.  High  salt  concentration  may 
also  change  the  protein  nature  of  gelatin;  presumably  this  would  also 
inhibit  the  production  of  a  coacervate. 

Among  the  many  characteristic  phenomena  of  complex  coacervation 
so  far  as  reported,  vacuo lation  and  dye  adsorbing  properties  are  unique. 
Vscuolation  was  found  in  many  coacervates  which  were  obtained  in  this 
work  (See  Figs.  5,7,8).  A  vacuole,  as  Bungenberg  de  Jong  (20)  describes 
it,  is  an  inclusion  of  equilibrium  liquid  in  the  form  of  fine  drops 
throughout  the  whole  concervate.   It  is  produced  when  the  equilibrium 
between  coacervate  and  equilibrium  liquid  is  changed  through  some  vari- 
able. The  equilibrium  between  the  coacervate  and  the  equilibrium  liquid 
depends  on  the  temperature.  When  temperature  is  high  the  equilibrium 
moves  toward  the  direction  in  which  more  solvating  liquid  is  included 
in  the  coacervate,  according  to  Bungenberg  de  Jong.  Further  rise  of 
temperature  would  lead  the  coacervate  to  contain  more  and  more  solvating 
liquid  and  finally  the  coacervate  droplet  would  fuse  into  the  liquid 
and  disappear.  In  this  way  the  instability  of  a  coacervate  is  explained 
in  term  of  solubility. 

Now,  if  careful  increase  in  temperature  is  conducted  to  such  a 
point  that  it  would  not  break  the  droplet  (35  C,  In  present  work)  and 
then  the  system  is  cooled  slowly  to  room  temperature,  the  liquid  will 
gradually  diffuse  out  of  the  coacervate  (because  of  the  change  in  equi- 
librium), without  destroying  the  homogeneity  of  the  coacervate  droplet. 
The  equilibrium  liquid  which  diffuses  out  to  one  spot  in  a  coacervate 
droplet  thus  forms  a  vacuole  inclusion.   It  may  be  one  large  single 
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droplet  or  relatively  smell  multiple  vacuoles*  depending  on  the  nature 
of  the  coacervate,  the  temperature  and  the  rate  of  cooling.  Therefore 
a  vacuole  is  essentially  the  equilibrium  liquid  Included  in  a  coacer- 
vate droplet.   It  is  fairly  stable  if  the  temperature  is  unchanged 
after  it  has  once  formed. 

A  different  type  of  vacuole  may  also  be  produced  by  slight  agita- 
tion of  the  starch-chloral  hydrate  mixture  while  adding  the  gelatin. 
In  this  instance  the  vacuole  will  be  an  air  inclusion  and  the  tempera- 
ture does  not  affect  its  production  or  nature.  The  vacuoles  produced 
in  this  instance  were  also  fairly  stable;  they  remained  for  at  least 
24  hours.   These  different  kinds  of  vacuoles  can  be  identified  by 
staining  with  KI-l2>  Congo  Red  or  Safranln-0  solution,  since  an  air 
vacuole  does  not  stain  with  any  one  of  these,  whereas  the  vacuole 
which  is  composed  of  equilibrium  liquid  stains  the  same  color  as  the 
coacervate. 

Bungenberg  de  Jong  described  other  types  of  vacuolation  that  oc- 
curred without  a  change  in  temperature  or  agitation,  merely  by  modifi- 
cations in  the  composition  of  the  equilibrium  liquid  that  caused  lower- 
ing of  solvation.  Still  others,  such  as  the  vacuoles  produced  upon 
application  of  direct  current  to  a  complex  coacervate,  were  described. 

Bungenberg  de  Jong  described  the  adsorption  by  complex  coacer- 
vates  on  their  surface  of  different  particles  such  as  those  of  carbon, 
carmine,  and  dyes,  as  well  as  of  particles  of  biological  origin  such 
as  pollen,  grain,  and  various  mold  spores.  The  coacervate  of  starch- 
chloral  hydrate  and  gelatin  also  showed  this  phenomenon  common  to  com- 
plex coacervates.   It  was  found  that  a  starch-chloral  hydrate-gelatin 
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coacervate  (Induced  by  the  action  of  NaCl  solution)  adsorbed  a  small 
amount  of  Safranin-0  dye  powder  which  was  added  to  the  system  after 
the  coacervate  was  produced  (Pig.  12).  Microscopic  observation  showed 
that  the  dye  was  adsorbed  only  on  the  surface  of  coacervate  droplets 
and  occurred  not  at  all  in  the  equilibrium  liquid. 

It  is  known  that  microparticles  will  be  concentrated  at  the  sur- 
face between  two  immiscible  liquids  when  they  are  mixed  and  gently 
shaken.  The  phenomenon  is  probably  due  to  the  difference  in  wetting 
ability  of  two  liquids  that  causes  the  adhesion  of  insoluble  micropar- 
ticles at  the  interface,  in  this  experiment,  at  the  surface  of  the  co- 
acervate droplet. 

The  importance  of  vacuolation  and  dye  absorption  properties  is 
not  well  explained  and  more  extensive  observation  is  necessary  before 
any  conclusion  can  be  made;  however,  the  existence  of  such  phenomena 
provides  the  evidence  that  the  starch-chloral  hydrate-gelatin  coacer- 
vate is  a  complex  coacervate. 
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Fig.  12.   Dye  adsorption  of  the  complex  coacervate  of 
starch-chloral  hydrate-gelatin.  Safranin-0 
powder  was  adsorbed  only  at  the  interface  of 
two  phases,  at  the  surface  of  the  coacervate 
droplets.  Mag.  198X 
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SUMMARY  AND  CONCLUSIONS 

An  unstable  starch  coacervate  was  observed  upon  mixing  3-4%  de- 
fatted wheat  starch  In  6  M  chloral  hydrate  solution  and  diluting  the 
resulting  clear,  viscous  liquid  with  about  8  times  its  volume  of 
water  at  pH  3.5.  This  coacervate,  however,  disappeared  rapidly  when 
it  was  placed  on  a  microscope  slide.  The  instability  of  this  coacer- 
vate was  probably  due  to  the  wetting  phenomenon  which  is  often  seen  in 
certain  instances  of  the  coacervation  of  hydrophilic  colloids.  When 
the  system  was  allowed  to  stand  at  room  temperature,  a  second  precipi- 
tation was  observed.   It  was  found  that  this  precipitation  was  an  aray- 
lose-chloral  hydrate  complex  and  that  it  could  be  obtained  at  any  of 
a  wide  range  of  starch  concentrations,  dilution  ratios  and  pH,  i.e., 
1-10%  starch  in  10-100  w/v%  chloral  hydrate  solutions  at  pH  3-8.  Amy- 
lose  preparations  produced  the  most  precipitate,  followed  by  wheat 
starch;  and  amylopectin  preparations  produced  almost  no  precipitate. 
The  complex  exhibited  rather  poor  crystal Unity,  but  showed  well-formed 
crystals  that  are  not  seen  in  a  coacervate.  A  probable  error  in  identi- 
fication of  amylose-chloral  hydrate  complex  as  a  starch  coacervate  due 
to  indirect  dehydration  was  briefly  discussed. 

During  the  experiment,  amylomaize  which  contained  56-57%  amy lose 
was  found  to  be  soluble  in  6  M-chloral  hydrate  solution  with  or  without 
heating  in  a  water  bath. 

A  starch-gelatin  coacervate  was  obtained  when  one  part  of  4%  starch, 
amylomaize  or  amylopectin  in  6  M-chloral  hydrate  solution  was  mixed  with 
one  part  of  4%  gelatin  solution  at  pH  3.0-4.0.  The  coacervate  droplets 
appeared  to  be  spherical  in  shape  and  exhibited  the  general  characteristics 
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of  a  complex  coacervate.  They  were  unstable  upon  prolonged  standing 
(30  minutes)  and  completely  disappeared  upon  heating.  But  the  coa- 
cervate reappeared  on  cooling. 

When  a  limited  amount  of  water  or  of  0.01%  salt  solution  (such 
as  NaCl,  Na-SO,  and  Na-jPO^)  was  added  to  this  unstable  mixture,  a  stable 
coacervate  was  obtained.   It  exhibited  general  characteristics  of  a  com- 
plex coacervate.  i.e.,  reversibility,  vacuolatlon,  dye  adsorption,  etc. 
The  mechanism  of  production  of  a  starch-gelatin  coacervate  was  described 
to  be  attraction  of  weakly  charged  starch-chloral  hydrate  micelles 
(negative)  to  positively  charged  gelatin  micelles;  thus  a  large  conglom- 
erate of  two  or  more  oppositely-charged  micelles  (coacervate)  was  pro- 
duced, in  terms  of  mutual  dehydration.  The  degree  of  dehydration  deter- 
mines the  nature  of  the  coacervate,  i.e.,  a  coacervate  of  fluid-rich* 
unstable  mass  or  a  coacervate  of  rigid,  compact,  stable  spherical  drop- 
lets. Generally  a  limited  amount  of  salt  acts  as  a  good  desolvation 
agent  and  therefore  stable  spherical  coacervate  droplets  can  be  obtained 
upon  addition  of  salt.  But  an  excessive  amount  of  salt  inhibits  or  de- 
stroys the  coacervate  because  of  complete  disappearance  of  micellar 
charge  and  possible  change  in  protein  nature  of  gelatin. 

Vacuolatlon  and  dye  adsorption  properties  of  complex  coacervate 
were  demonstrated  and  discussed. 

Evidence  was  shown  that  starch  is  capable  of  forming  a  coacervate 
with  positively  charged  gelatin,  when  the  starch  is  first  dissolved  in 
chloral  hydrate.   It  was  previously  observed  that  starch  produces  a 
colloidal  micelle  with  chloral  hydrate  and  thus,  probably,  exhibits  a 
certain  amount  of  capillary  charge  on  its  micellar  surface.  Although 
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the  charge  is  not  as  large  as  that  of  gelatin,  however,  it  is  large 
enough  to  attract  positively  charged  gelatin  micelles  and  to  induce 
mutual  dehydration,  thus  coacervation  takes  place. 

Salts  effectively  promoted  the  dehydration  process.  The  role  of 
salt  clearly  provided  the  evidence  of  what  was  suggested  as  the  mecha- 
nism of  coacervation  in  the  present  work.  Electrophoresis  of  coacer- 
vate  droplets  might  provide  a  close  view  of  the  nature  of  the  coacervate 
in  term  of  electric  charge  of  the  micellar  structure.  Under  a  strong 
A.C.  electric  field,  a  complex  coacervate  droplet  would  be  deformed, 
and  the  original  spherical  droplet  would  become  flat,  disc-like  or 
ellipsoidal  shape  as  described  by  Bungenberg  de  Jong  (20) .  Future 
investigation  might  include  studies  on  electrophoresis  of  the  coacer- 
vate described  here. 

Starch  and  gelatin  evidently  both  were  present  in  the  coacervate 
droplets.  This  was  shown  by  staining  of  the  droplets  with  reagent  and 
dyes  such  as  KI-I-,  Congo  Red  and  Safranin-0  solution.  However  the 
method  of  quantitative  analysis  of  coacervate  composition  should  be 
employed;  only  this  can  provide  a  definite  knowledge  of  the  composi- 
tion of  the  coacervate  at  various  mixing  ratios  and  pH. 

Starch  has  been  reported  by  earlier  workers  to  be  unable  to  form 
a  coacervate  unless  the  hydroxyl  groups  are  changed  to  strongly  dis- 
sociated radicals.  This  work  presents  one  example  of  starch  coacer- 
vation which  might  involve  the  formation  of  colloidal  micelle  of  starch- 
chloral  hydrate  mixture,  prior  to  formation  of  a  complex  coacervate. 


51 


ACKNOWLEDGMENTS 

The  writer  wishes  to  express  his  highest  appreciation  to  Dr.  Majel 
M.  MacMasters,  for  directing  this  investigation  and  for  advice  on  the 
preparation  of  manuscripts;  and  to  Professor  Gerald  D.  Miller  of  this 
Department  and  to  Dr.  Richard  Bassette  of  the  Department  of  Dairy  Sci- 
ence for  their  invaluable  advice  and  encouragement. 

The  writer  is  also  indebted  to  the  Corn  Industries  Research  Found- 
ation for  the  generous  support  which  made  this  investigation  possible 
and  to  Dr.  John  A.  Shellenberger,  Head  of  the  Department  of  Flour  and 
Feed  Milling  Industries,  for  his  support  and  interest  in  this  work. 


52 


REFERENCES 


1.  Bank,  0. 

The  Cell  Nucleus  as  a  Complex  Coacervation.  Protoplasma  35: 
419,  1941;  Chem.  Abstr.  37:  1726,  1943. 

2.  Basu,  l.i  and  Bhattacharya,  G. 

Some  Aspects  of  the  Phenomenon  of  Coacervation.  Science  115: 
544,  1952. 

3.  Bice,  C,  MacMasters,  M.  M. ,  and  Hllbert,  G.  E. 

Proposed  Use  of  Starch  Sponges  as  Internal  Surgical  Dressings 
Absorbable  by  the  Body.   Science  100:  227,  1944. 

4.  Bungenberg  de  Jong,  H.  G. ,  and  Kruyt,  H.  R. 

Koazervation.  Kolloid  £.  50:  39,  1930. 

5.  Bungenberg  de  Jong,  H.  G. 

Coacervation  and  Its  Importance  in  Biology.  Exposes  de  Biologie, 
397,  Paris,  1936,  English  Translation  by  M.  M.  MacMasters,  1944. 

6.  Bungenberg  de  Jong,  H.  G. 

Behavior  of  Microscopic  Bodies  Consisting  of  Biocolloid  Systems 
and  Suspended  in  an  Aqueous  Medium.   I.  Pulsating  Vacuoles  in 
Coacervate  Drops.  Proc.  Acad.  Scl.  Amsterdam  41:  643,  1938; 
Chem.  Abstr.  33:  915,  1939. 

7.  Bungenberg  de  Jong,  H.  G. 

Complex  Relationship  in  Lyophilic  Colloidal  Systems.  I.  General 
Introduction.  Rec.  Trac.  Chim.  53:  163,  1934;  Ibid.  II  53:  171, 
1934;  Ibid.  Ill  53:  607,  1934. 

8.  Bungenberg  de  Jong,  H.  G. 

Effect  of  Neutral  Salts  on  the  Cataphoretic  charge  of  Suspensoid 
(Auto-)  Complex  Coacervate  drops  and  of  (Auto-)  Complex  Floccule. 
Rec.  Trac.  Chim.   53:  622,  1934;  Chem.  Abstr.  28:  7113,  1934. 

9.  Bungenberg  de  Jong,  H.  G.,  and  Dekker,  W.  A.  L. 

Lyophilic  Colloids  XXVI.  Coazervation  3,  Complex  Coazervation 
of  the  System  Gum  Arabic-Gelatin  2.  Kolloid  Belhefte  43:  143, 
1935;  Chem.  Abstr.  30:  2456,  1936. 

10.  Ibid.  43:  213,  1936;  Chem.  Abstr.  30:  2825,  1936. 

11.  Bungenberg  de  Jong,  H.  G.,  Bool j ,  H.  L. ,  and  Wakkie,  J.  G. 

Lyophilic  Colloids  XXVII.  Mechanism  of  the  Antagonism  Found  in 
Mixtures  of  Neutral  Salt  in  Regard  to  the  Change  in  Potential  of 
Phosphatides.  Kolloid  Beiheft  44:  254,  1936;  Chem.  Abstr.  30: 
7420,  1936. 


53 


12.  Bungenberg  de  Jong,  H.  G. >  and  v.  d.  Linde,  P. 

Coacervate  Sols  and  Their  Relation  to  the  Theory  of  Lyophllic 
Colloidal  Stability.  Proc.  Acad.  Sci.  Amsterdam  38:  419, 
1935;  Chera.  Abstr.  29:  4650,  1935. 

13.  Bungenberg  de  Jong,  H.  G.,  and  Saubert,  G.  G.  P. 

Complex  Plocculation  or  Coacervation  of  the  Type:  Colloidal 
Amphoteric  ion  +  Colloid  Anion  +  Crystalloid  Cation.  Biochem. 
Z.  288:  1,  13,  1936. 

14.  Bungenberg  de  Jong,  H.  G.,  and  Hoskan,  B.  G. 

Effect  of  Neutral  Salts  on  the  Composition  of  Complex  Coacer- 
vates  (Gelatin  +  Gum  Arabic)  and  Equilibrium  Solutions  at  Con- 
stant pH  and  Constant  Mixing  Proportions  of  the  Two  Colloids  in 
the  Total  System.  Proc.  Acad.  Sci.  Amsterdam  45:  59,  1942; 
Chem.  Abstr.  37:  4291,  1943. 

15.  Bungenberg  de  Jong,  H.  G. 

Factors  that  Determine  the  Volume  of  the  Complex  Coacervate  from 
Gelatin  and  Gum  Arabic  Under  the  Influence  of  Neutral  Salts. 
Proc.  Acad.  Sci.  Amsterdam  45:  490,  1940;  Chem.  Abstr.  39:  6180, 
1943. 

16.  Bungenberg  de  Jong,  H.  G. ,  and  Landsmore,  J.  M.  F. 

Diameter  Changes  of  Gelatinized  Coacervate  Drops  of  the  Complex 
Coacervate  Gelatin-Gum  Arabic,  Resulting  from  a  Change  in  pH  or 
from  Addition  of  Neutral  Salts  to,  the  Surrounding  Medium.  I. 
Rec.  Trav.  Chim.  65:  606,  1946;  Chem.  Abstr.  41:  2303,  1947. 

17.  Bungenberg  de  Jong,  H.  G. 

Tissues  of  Prismatic  Cells  Containing  Biocolloids.  VI.  Regu- 
lation of  the  Coexisting  Coacervate  and  Equilibrium  Solution 
in  the  Cell -morphological  Model  of  the  Plant  Cell.  Proc.  Acad. 
Sci.  Amsterdam  45:  76,  1942;  Chem.  Abstr.  37:  4291,  1943. 

18.  Ibid.  II.  Proc.  Koninkl,  Nether land  Akad.  Wetenschap  51:  139,  295, 

1948;  Chem.  Abstr.  42:  6609,  1948;  43:  3691,  1949. 

19.  Bungenberg  de  Jong,  H.  G. 

Behavior  of  Microscopic  Bodies  Consisting  of  Biocolloid  Systems 
and  Suspended  in  an  Aqueous  Medium  IV.  Vacuolation  Phenomena 
of  Complex  Coacervate  Drops  at  a  Constant  Temperature.  Forma- 
tion of  Foam  Structures  and  of  Thin-walled  Drops  with  a  Large 
Central  Vacuole.  Proc.  Acad.  Sci.  Amsterdam  42:  274,  285,  1939; 
Chem.  Abstr.  33:  7824,  1939. 

20.  Bungenberg  de  Jong,  H.  G. 

Colloid  Science  II.   (Kruyt,  H.  R.  Editor)  New  York:  Elsevier, 
1949;  Chap.  XI,  pp.  433-482. 

21.  Ibid.  p.  253. 


54 


22.  Ibid.  p.  256. 

23.  Ibid.  p.  340. 

24.  Dervichian,  D.  G. 

Coacervation  as  Phase  Equilibrium  in  Colloidal  Systems.  Research 
(London)  2:  210,  1949. 

25.  Dobry,  A. 

Coacervation  I.  Experimental  Part.  J.  Chim.  Phys.  35:  387, 
1938;  Chem.  Abstr.  33:  4492,  1939. 

26.  Ibid.  II.  Osmotic  Pressure.  J.  Chim.  Phys.  36:  102,  1939;  Chem. 

Abstr.  33:  6681,  1939. 

27.  Dobry,  A. 

La  Coacervation.  Rev.  Canadienne  de  Biologie,   I:  353-365,  1942; 
English  Translation  by  MacMasters,  M.  M. 

28.  Dobry,  A. 

A  Simplified  Method  for  the  Measurement  of  Osmotic  Pressure  of 
Synthetic  Macromolecules ,  J.  Chim.  Phys.  42:  114,  1945;  Chem. 
Abstr.  40:  6320,  1946. 

29.  Dobry,  A. 

Coacervation  IV.  Study  of  Binary  System.  J.  Chim.  Phys.  42: 
92,  1945;  Chem.  Abstr.  40:  4277,  1946. 

30.  Dobry,  A. 

Coacervation  in  Biology.  Compt.  rend.  222:  693,  1946. 

31.  Doi.,  and  Nikuni,  Z. 

Formation  of  Starch  Granules  from  an  Aqueous  Gelatinous  Solution. 
Die  Starke   14:  461,  1962. 

32.  Duefrenoy,  J.,  and  Reed,  H.  S. 

Coacervates  in  Physical  and  Biological  Systems.  Phytopathology 
32:  568,  1942. 

33.  Evans,  J.  W. 

Microscopic  Examination  of  Developing  Corn  Starch.  Cereal  Chem. 
18:  462,  1941. 

34.  Pinar,  I.  L. 

Organic  Chemistry.  Vol.  1,  London:  Longmans,  1959.  p.  157. 

35.  Hevesy,  G.  V. 

The  Charge  and  Dimensions  of  Ions  and  Dispersoids.  Kolloid  Z. 
21:  129,  1917. 

36.  Hilbert,  G.  E.,  MacMasters,  M.  M. ,  Cox,  M.  J.,  Bice,  C.  U.,  Hodges,  M. , 
and  Getz,  V.  L. 

Starch  Sponge  —  A  Promising  New  Ingredient.  Food  Ind.  17:  878,  1945, 


55 


37.  Holleman,  L.  W.  J.,  and  Bungenberg  de  Jong,  H.  G. 

Lyophilic  Colloids  XIX.  Effect  of  Several  Neutral  Salts  and 
Non-Electrolytes  on  Isoelectric  Gelatin  Sol.  Kolloid  Beiheft 
38:  439,  1933. 

38.  Ibid.  XXI.  Kolloid  Beiheft  39:  334,  1934. 

39.  Koets,  P. 

Complex  Coacervation  of  Amylophosphoric  Acid  and  Proteins  and 
Its  Possible  Bearing  on  the  Problem  of  Amylopectin.  Proc.  Acad. 
Sci.  Amsterdam  38:  63,  1935;  Chem.  Abstr.  29:  2985,  1935. 

40.  Koets,  P. 

Coacervation  of  Amylophosphoric  Acid  and  Proteins.  J.  Phys. 
Chem.  40:  1191,  1936. 

41.  Langmuir,  I. 

The  Role  of  Attractive  and  Repulsive  Forces  in  the  Formation  of 
Tactoids,  Thixotropic  Gels,  Protein  Crystals  and  Coacervates. 
J.  Chem.  Phys.  6:  873,  1963. 

42.  MacMasters,  M.  M. ,  Cox,  M.  J.,  Eck,  J.  W. ,  and  Bice,  C.  W. 

Coacervation  of  Starch.  Manuscript  Presented  at  the  Meeting  of 
A.A.C.C.  in  Niagara  Falls,  Ontario,  Canada,  May  13-16,  1946. 

43.  Mines,  G. 

The  Importance  of  Ionic  Valances  in  the  Action  of  Electrolytes 
on  Colloidal  System.  Kolloid  Z.   14:  167,  1914;  Chem.  Abstr. 
8:  2972,  1914. 

44.  Oparin,  A.  I.,  Evreinova,  T.  N.,  Shubert,  I.  A.,  and  Nestyuk,  M.  N. 

Coacervates  and  Enzymes.  Protein-Carbohydrate  Coacervates  and 

-Amylase.  Doklady  Akad.  Nauk.  S.S.S.R.  104:  581,  1955;  Chem. 
Abstr.  50:  5807,  1956;  Ibid.  Doklady  Akad.  Nauk.  S.S.S.R.  105: 
137,  1955;  Chem.  Abstr.  50:  7170,  1956. 

45.  Oparin,  A.  I. 

Action  of  Enzymes  Included  in  Coacervate  Droplets.  Proc.  Intern. 
Symposium  Enzyme  Chem.  Tokyo  and  Kyoto  2:  433,  1957;  Chem.  Abstr. 
53:  15166,  1959. 

46.  Oparin,  A.  I. 

Coacervate  Drops  as  the  Initial  Systems  on  the  Way  to  the  Origin 
of  Life.  T. B.R.I.  Calcutta  22:  121,  1958;  Chem.  Abstr.   53: 
20168,  1959. 

47.  Oparin,  A.  I.,  Stoyanova,  I.  G.,  Serebrouskaya ,  K.  B.,  and  Nekrasova, 
T.  A. 

Electron  Microscopic  Study  of  Coacervates.  Doklady  Akad.  Nauk. 
S.S.S.R.   150:  684,  1963;  Chem.  Abstr.  59:  7781,  1963. 


56 


48.  Oparin,  A.  I.,  Evrelnova,  T.  N.,  Carionova,  T.  I.,  and  Davydova,  I.  M. 

Synthesis  and  Degradation  of  Starch  in  Coacervate  Droplets. 
Doklady  Akad.  Nauk.  S.S.S.R.   143:  980,  1962;  Chem.  Abstr.  57: 
5015,  1962. 

49.  Ostwald,  Wo.,  and  Hertel,  R.  H. 

Kolloidchemische  Reaktionen  Zwischen  Solen  von  Eiweiskorpenn 
und  Polymeren  Kohlehydraten  I.  Kolloid  Z.  47:  258,  357,  1929. 

50.  Reed,  H.  S.,  and  Dufrenoy,  J. 

Pyridoxine  and  Coacervates  in  Plant  Cells.  Science  96:  470, 

1942. 

51.  Reed,  H.  S. 

The  Production  of  Coacervates.  Phytopathology  33:  739,  1943. 

52.  Rosenfeld,  S.  S. 

Starch  Sponge  -  A  Hemostatic  Agent.  Bulletin  of  New  York 
Academy  of  Medicine  25:  453,  1949. 

53.  Schoch,  T.  J. 

The  Fractionation  of  Starch.  Advances  in  Carbohydrate  Chemistry, 
Vol.  I,  New  York:  Academic  Press,   1945,  p.  247. 

54.  Schulze,  W.  E. ,  Yu,  D.  I.,  and  MacMasters,  M.  M. 

Coacervation  of  Starch.  Die  StHrke  16:  41,  1964;  17:  75,  1965. 

55.  Tiebackx,  F.  W. 

Simultaneous  Coagulation  of  Two  Colloids.  Z.  Chem.  Ind.  Kolloide 
(Kolloid  Z.)  8:  198,  1911;  Chem.  Abstr.  5:  3753,  1911. 

56.  Upjohn  Co. 

Encapsulated  Emulsions.  Chem.  Abstr.  59:  14197,  1963. 

57.  Upjohn  Co. 

Encapsulated  Emulsions  for  Pharmaceutical  and  Agricultural  Uses. 
Chem.  Abstr.  58:  12376,  1963. 

58.  Upjohn  Co. 

Opaque  Coacervate-shell.  Chem.  Abstr.  58:  11987,  1963. 

59.  Upjohn  Co. 

Coating  of  Particulated  Material  by  Liquid-Liquid  Phas  Separation. 
Chem.  Abstr.   59:  11762,  1963. 

60.  Yu,  D.  T.  A. 

Coacervation  of  Starch.  Master's  Thesis,  Kansas  State  Univ., 
Manhattan,  Kansas,  1964. 


COACERVATION  OF  STARCH 

by 

HSIN  YAU  CHUNG 
B.  S.,  National  Taiwan  University,  1952 


AN  ABSTRACT  OF  A  MASTER'S  THESIS 
submitted  in  partial  fulfillment  of  the 
requirements  for  the  degree 
MASTER  OF  SCIENCE 


Department  of  Flour 
and  Feed  Milling  Industries 


KANSAS  STATE  UNIVERSITY 
Manhattan,  Kansas 


1965 


Approved  by: 


£j 


^^^^S^T^^ 


Major  Professor 


ABSTRACT 

Coacervation  is  a  colloidal  phenomenon  in  which  a  colloid-rich 
phase  (coacervate)  and  a  colloid-poor  phase  (equilibrium  liquid)  are 
separated  from  a  colloidal  system  by  an  action  which  removes  the  stabi- 
lizing factors  of  the  hydrophilic  colloid,  i.e.,  by  change  in  pH,  pre- 
sence of  indifferent  colloids,  presence  of  electrolytes,  etc.  A  coacer- 
vate may  be  obtained  as  spherical  droplets,  myelin  structures  or  large 
sheets  that  may  be  visible  under  the  microscope. 

Starch  coacervation  has  been  frequently  reported,  yet  the  importance 
of  it  has  received  relatively  little  attention.  Starch  sponge  which  is 
produced  by  the  unique  phenomenon  of  starch  coacervation  by  freezing, 
however,  is  one  of  the  most  successful  applications  of  coacervation. 

This  Investigation  presents  an  example  of  starch  coacervation  which 
involves  the  charge  effect  on  a  hydrophilic  colloidal  micelle.  Starch 
paste  when  mixed  with  chloral  hydrate  solution  and  diluted  with  water 
produced  only  extremely  unstable  tiny  microscopic  droplets  which  upon 
standing,  rapidly  disappeared.  A  few  hours  later  a  white  precipitate 
formed  and  it  was  postulated  to  be  an  insoluble  amylose-chloral  hydrate 

complex. 

Starch  was  found  to  be  able  to  form  a  coacervate  with  gelatin  when 
it  was  dissolved  in  concentrated  chloral  hydrate  solution  prior  to  mix- 
ing with  gelatin.  Thus  starch-gelatin  complex  coacervation  was  obtained 
by  dissolving  3-41  starch  in  6  M  (about  100  w/vl)  chloral  hydrate  solu- 
tion and  mixing  one  part  of  this  liquid  with  one  part  of  4%  gelatin  at 
pH  3.0-4.0.  Coacervation  was  promoted  by  addition  of  a  limited  amount 
of  water  or  0.01X  of  neutral  salt  solutions,  such  *s   NaCl,  Na2S04  and 


N«3p04* 

The  coacervate  occurred  as  spherical  droplets  which  exhibited  the 

general  characteristics  of  a  complex  coacervate  such  as  vacuolation, 

reversibility,  dye  adsorption  etc.  The  coacervate  was  produced  in  a 

narrow  range  of  pH  and  mixing  proportions.   It  was  found  to  be  fairly 

stable. 

It  was  postulated  that  the  starch  when  dissolved  in  chloral  hydrate 
solution  forms  an  unknown  type  of  colloidal  micelle  with  chloral  hydrate, 
since  chloral  hydrate  is  known  to  possess  two  active  hydroxyl  groups 
which  tend  to  form  hydrogen  bonds  with  other  groups.  It  is  possible 
that  after  formation  of  a  starch-chloral  hydrate  micelle,  this  micelle 
unites  with  gelatin  to  form  a  complex  coacervate.  The  force  which  leads 
the  micelle  and  gelatin  to  unite  with  one  another  might  be  mutual  dehy- 
dration taking  place  when  negatively  charged  micelles  of  starch-chloral 
hydrate  and  positively  charged  gelatin  micelles  approach  each  other. 

The  fact  that  addition  of  neutral  salts  may  promote  coacervation 
provides  evidence  that  a  charge  effect  causes  starch-chloral  hydrate- 
gelatin  complex  coacervation,  because  a  limited  amount  of  salt  might 
act  to  effectively  remove  the  solvation  layers  which  surround  the  ap- 
proaching micelles.  Therefore  more  compact,  less  liquid  and  stable  co- 
acervate droplets  are  obtainable  when  a  neutral  salt  is  effectively  used. 


